The salt overly sensitive (SOS) pathway is critical for plant salt stress tolerance and has a key role in regulating ion transport under salt stress. To further investigate salt tolerance factors regulated by the SOS pathway, we expressed an N-terminal fusion of the improved tandem affinity purification tag to SOS2 (NTAP-SOS2) in sos2-2 mutant plants. Expression of NTAP-SOS2 rescued the salt tolerance defect of sos2-2 plants, indicating that the fusion protein was functional in vivo. Tandem affinity purification of NTAP-SOS2-containing protein complexes and subsequent liquid chromatography-tandem mass spectrometry analysis indicated that subunits A, B, C, E, and G of the peripheral cytoplasmic domain of the vacuolar H ؉ -ATPase (V-ATPase) were present in a SOS2-containing protein complex. Parallel purification of samples from control and saltstressed NTAP-SOS2/sos2-2 plants demonstrated that each of these V-ATPase subunits was more abundant in NTAP-SOS2 complexes isolated from salt-stressed plants, suggesting that the interaction may be enhanced by salt stress. Yeast two-hybrid analysis showed that SOS2 interacted directly with V-ATPase regulatory subunits B1 and B2. The importance of the SOS2 interaction with the V-ATPase was shown at the cellular level by reduced H ؉ transport activity of tonoplast vesicles isolated from sos2-2 cells relative to vesicles from wild-type cells. In addition, seedlings of the det3 mutant, which has reduced V-ATPase activity, were found to be severely salt sensitive. Our results suggest that regulation of V-ATPase activity is an additional key function of SOS2 in coordinating changes in ion transport during salt stress and in promoting salt tolerance.
To cope with salt stress, plants have evolved strategies to maintain low Na ϩ concentrations in the cytoplasm. The salt overly sensitive (SOS) pathway, identified through isolation and study of the sos1, sos2, and sos3 mutants, is essential for maintaining favorable ion ratios in the cytoplasm and for tolerance of salt stress (63, 64) . SOS1 is a Na ϩ /H ϩ exchanger located on the plasma membrane (39, 53) ; SOS3 is a myristoylated EF hand-type Ca 2ϩ -binding protein able to sense specific salt stress-induced calcium signals (19) , and SOS2 is a Ser/Thr kinase with a C-terminal regulatory domain and an N-terminal catalytic domain (24) . During salt stress conditions, the SOS2-SOS3 complex phosphorylates and activates the transport activity of the SOS1 antiporter (42) .
The function of the SOS2-SOS3 regulatory complex depends on interaction of SOS2 and regulatory proteins, including SOS3. The C-terminal regulatory domain of SOS2 consists of an autoinhibitory FISL motif that binds to SOS3 (13, 24) and a PPI motif that binds to type 2C protein phosphatase abcisic acid (ABA)-insensitive 2 (ABI2) (33) . Yeast two-hybrid experiments have shown that the SOS2 protein physically interacts with SOS3, and in vitro phosphorylation assays have shown that Ca 2ϩ is required to activate the kinase activity of the SOS2-SOS3 complex (16) . SOS3 binding also recruits SOS2 to the plasma membrane (13, 16) . Activated SOS2 is then able to phosphorylate SOS1, enhancing its activity during salt stress (39, 42) . SOS2 and other SnRK3 class kinases closely related to SOS2 have also been shown to interact with ABI2 or ABI1 (15, 33) , thus forming a point of potential connection between ABA signaling and salt stress responses. Additional work in our laboratory has sought to identify other SOS2-interacting proteins.
The most studied mechanism, although not the only mechanism, by which the SOS pathway can promote salt tolerance is through the regulation of ion transport processes. A number of lines of evidence suggest that this includes not only regulation of SOS1 activity but also the regulation of other transporters. Tonoplast vesicles isolated from sos2-2, but not sos3-1, cells had a greatly reduced Na ϩ /H ϩ exchange activity compared to the wild type (40) . Furthermore, in the presence of 100 mM NaCl, this activity could be stimulated by adding constitutively active SOS2 to the vesicles. This indicated that the SOS2 protein kinase is required for activation of tonoplast-localized Na ϩ /H ϩ exchangers (NHXs) during salt stress, and this activation likely occurs independently of SOS3 (40) . Similarly, SOS2 was shown to interact with and activate the vacuolar H ϩ /Ca 2ϩ antiporter CAX1, independently of SOS3 (7) . Thus, a number of transport activities may be regulated by SOS2, and these may occur by mechanisms distinct from the SOS2-SOS3 interaction that is required for the regulation of SOS1.
The driving force for SOS1 and the tonoplast-located NHXs, as well as many other transport activities, is the proton motive force generated by H ϩ -pumping ATPases, such as the plasma membrane H ϩ -ATPase and the tonoplast H ϩ -pyrophosphatase and H ϩ -ATPase. The vacuolar H ϩ -ATPase (VATPase) is the major proton pump that establishes and maintains an electrochemical proton gradient across the tonoplast, thus providing the driving force for the secondary active transport of metabolites and ions (27) . The V-ATPase is a complex multisubunit enzyme, composed of a V 1 peripheral sector (subunits A to H), which binds and hydrolyzes ATP, and a V 0 membrane sector (subunits a to e), which provides the pathway for the entry of protons into the vacuolar lumen (54) . In the genome of Arabidopsis thaliana, genes encoding at least 12 V-ATPase subunits have been identified. While the majority of the V 0 subunits appear to be encoded by multiple genes, the subunits that constitute the V 1 peripheral stalk are mainly encoded by single genes, with the exceptions of the subunits B, E, and G. Each of these subunits has three different isoforms: AtVHA-B1, -B2, and -B3; AtVHA-E1, -E2, and -E3; and AtVHA-G1, -G2, and -G3 (54, 59) .
Because the V-ATPase has such a key function in cellular transport processes, it plays an important role in growth and development and in the responses to external stimuli. This is illustrated by the phenotype of the deetiolated 3 (det3) mutant (4). The det3 mutant has a twofold reduction in levels of the V-ATPase subunit C (AtVHA-C), leading to a conditional lack of V 1 peripheral sector assembly and V-ATPase activity (51) . It is also defective in cell expansion and morphogenesis, as det3 seedlings have decreased cell expansion in the hypocotyl, petioles, and inflorescence stems and fail to arrest shoot development when seedlings are grown in the dark. AtVHA-C has also been shown to bind to and be phosphorylated by the protein kinase AtWITH NO K8 (AtWNK8; K refers to lysine), but the significance of this phosphorylation remains to be determined (18) .
In addition to the general importance of V-ATPase in cell expansion and development, a number of studies have reported an increase in mRNA, protein levels, or activity of V-ATPase in response to salt stress. In Mesembryanthemum crystallinum, a coordinate up-regulation of gene expression in response to NaCl treatment was observed for V-ATPase subunits A, B, E, and F of the peripheral domain and subunit c of the membrane domain (11, 12, 25, 55 ) and a 2.5-fold increase in the total amount of the V-ATPase complex was also observed (43) . In the halophyte Suaeda salsa, an increase in protein amount and in V-ATPase activity was found in saltstressed, but not osmotically stressed, plants, suggesting that the ionic component of salt stress is responsible for the induction of V-ATPase expression and activity (57) . Similarly, it has been shown that NaCl but not ABA can stimulate V-ATPase activity (20) . Salt-induced transcript up-regulation of one or more V-ATPase subunits or an increase in V-ATPase activity has also been observed in a number of glycophytic species (3, 4, 22, 30, 45, 61) . This includes A. thaliana, where an increase in the transcript levels of AtVHA-C (36) but not of subunit D (AtVHA-D) (23) was found upon salt stress. These studies suggest that increased V-ATPase level and/or activity may be required to drive Na ϩ sequestration under salt stress. Because V-ATPase can provide the driving force only for ion transport into the vacuole, any effect of the V-ATPase on salt tolerance depends on the activity of a number of other transporters needed to sequester ions into the vacuole. However, it has also been recently observed that Arabidopsis mutants carrying transferred DNA insertions in the coding sequence of the vacuolar Ca 2ϩ /H ϩ antiporters CAX1 and CAX2 had reduced V-ATPase activity (6, 37) . This suggests coordinate regulation of tonoplast ion transport processes. The mechanism underlying this coordination, however, remains unclear. Based on the studies described above, SOS2 is one candidate for a protein that may coordinate various ion transport processes during salt stress.
In this study, we used tandem affinity purification (TAP) tagging to isolate proteins interacting with SOS2 in vivo. We found that SOS2 interacts with subunits forming the cytoplasmic sector of the V-ATPase and that this interaction is enhanced under salt stress conditions. Parallel experiments using the yeast two-hybrid system showed that SOS2 interacts directly with at least two of the three VHA-B subunit isoforms present in Arabidopsis. In addition, the V-ATPase-deficient det3 mutant was found to be extremely salt sensitive and this, along with altered V-ATPase activity in both sos2-2 and sos3-1 mutants, demonstrates the importance of SOS2 regulation of V-ATPase activity in salt tolerance. The results define a new function of SOS2 in interacting with cytoplasmic VHA-B subunits and stimulating H ϩ transport activity to provide an increased driving force for compartmentation of Na ϩ into the vacuole.
MATERIALS AND METHODS
Plant materials and salt tolerance assay. Arabidopsis thaliana ecotype Columbia was used in all experiments. The sos2-2 and sos3-1 mutants have been previously described (64) . The det3 mutant was obtained from the Arabidopsis Biological Resource Center. Soil-grown plants were kept under continuous light (70 mmol m Ϫ2 s Ϫ1 ) at 23°C. Seedlings were grown under the same conditions. For seedling salt tolerance assays, sterilized seed was plated on half-strength MS media without sucrose or other sugars (unless otherwise noted in text or figure legends) and stratified for 3 days at 4°C. Four-day-old seedlings were transferred to fresh plates of either the same media (control) or media containing NaCl at concentrations indicated in the text or figures. Root length increase was monitored over the following 7 days, and seedlings were photographed at the end of the experiment. For experiments involving dark-grown seedlings, seed was plated on control or salt-containing media with 0.5% sucrose, stratified, and either placed under the same growth conditions or kept in darkness by wrapping the plates in foil.
Construction of NTAP-SOS2 plants. To make TAP-tagged SOS2, SOS2 cDNA was amplified by PCR with KOD polymerase (Takara) using SOS2-pGEX (13) as the template. The primers used amplified a 1,207-bp fragment encoding SOS2 with flanking BP clonase recognition sites. Primer sequences were 5Ј-GG GGACAAGTTTGTACAAAAAAGCAGGCTCAACCATGACAAAGAAAA TGAGAAGAG-3Ј and 5Ј-GGGGACCACTTTGTACAAGAAAGCTGGGTC TCCTCAAAACGTGATTGTTCTGAGA-3Ј. The PCR product was first cloned into pDONOR207 and then transferred to the pNTAPi vector (48) using the Gateway system (Invitrogen). The recombinant plasmid was introduced into Agrobacterium tumefaciens strain GV3101 by electroporation and used to transform sos2-2 plants by the floral dip method. Transgenic plants were selected on MS agar plates containing 25 mg liter Ϫ1 glufosinate ammonium. TAP and mass spectrometry analysis. TAP was carried out using NTAP-SOS2 plants grown in soil for 20 days and either harvested directly (control) or irrigated with 150 mM NaCl for 24 h (salt stressed). For both control and saltstressed samples, entire plants (30 g of tissue) were collected from pots, briefly washed with water to remove soil from the roots, ground in liquid nitrogen, and used for TAP as previously described (48) . After the final elution step, the isolated protein was precipitated using STRATARESIN (Stratagene) and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using 8% polyacrylamide gels, and proteins were visualized by Coomassie staining. The gel was cut into horizontal slices, and corresponding slices (containing proteins of the same molecular weight) from control and salt-treated samples were processed in parallel. In each slice, proteins were subject to in-gel trypsin digestion and processed essentially as described previously (58) . The trypsin-digested peptides were analyzed by a micro-liquid chromatography (LC) nano-electrospray ionization tandem mass spectrometry (MS/MS) with a Micromass quadrupole time-of-flight API US instrument (Waters, Milford, MA). For protein identification, the resulting MS/MS spectra were then searched against the NCBInr Arabidopsis database using the MASCOT program. For the relative quantification of proteins purified from salt-treated and control plants, samples were analyzed in a pairwise manner to minimize variation and an LC-mass spectrometry (LC-MS)-based label-free quantification strategy (49) was used. Briefly, the LC-MS spectral intensity (counts) of an individually extracted ion chromatographic peak that was located by the m/z ratio, charge state, and retention time identified in the preceding LC-MS/MS experiment was used to represent the relative amount of the corresponding peptide ion. The total ion counts of several selected peptides were calculated for both control and saltstressed samples to obtain relative quantitative ratios. The values were normalized by ion counts of autodigested tryptic peptides that were common to all samples. An average ratio Ϯ standard deviation of all the peptides belonging to a single protein was calculated to estimate relative abundances of SOS2-interacting proteins for salt stress and control conditions.
Immunoblotting. Immunoblotting was performed both to check the levels of NTAP-SOS2 expression and to check the levels of NTAP-SOS2 present before and after the TAP procedure was performed. For detection of NTAP-SOS2 expression, 2-week-old seedlings grown on MS agar plates were homogenized in liquid nitrogen and suspended in extraction buffer (50 mM HEPES-KOH, pH 7.5, 5 mM EDTA, 5 mM EGTA, 20% glycerol, 2 mM dithiothreitol, 2 mM phenylmethylsulfonyl fluoride). An equal volume of 2ϫ SDS-containing sample buffer was added, and the samples were heated at 95°C for 5 min and subjected to SDS-PAGE. Western blotting was performed using standard protocols. Briefly, proteins were electrophoretically transferred to a nitrocellulose membrane (Amersham) and blocked with 5% milk in phosphate-buffered saline containing 0.1% Tween 20. Blots were incubated with either SOS2 or VHA-B antibody, washed, and probed with horseradish peroxidase-conjugated anti-rabbit immunoglobulin G antibody (Bio-Rad), and immunoreactive bands were detected with the ECL Western blotting detection system (Amersham). The SOS2 antibody has been previously described by our laboratory (14) . The VHA-B antibody was a generous gift from Heven Sze (University of Maryland) and has also been previously described (56) . Immunoblotting was also used to check the levels of NTAP-SOS2 and VHA-B present either before and after TAP in extracts from 20-day-old NTAP-SOS2 plants.
Yeast two-hybrid assay. The entire coding sequence of VHA-B1 (At1g76030) was amplified by PCR from the cDNA clone U21927, obtained from the Arabidopsis Biological Resource Center, with primers containing restriction sites and cloned in frame between NcoI and XmaI sites of pACT2. Primer sequences were 5Ј-CATGCCATGGGGACGAATGATCTCGA-3Ј, 5Ј-TCCCCCCGGGTT AACTGGTTGAGTCGCGGCT-3Ј, and 5Ј-CATGCCATGGAGAGAACCTA TCCTGAAGAGATGAT-3Ј. Similarly, the full-length coding sequence of VHA-B2 (At4g38510) was cloned in frame in pACT2 using NcoI and PstI and the cDNA clone U12748, obtained from the Arabidopsis Biological Resource Center, as a template. Primers sequences were 5Ј-CATGCCATGGGTGCTGC TGAAAACAACCTT-3Ј and 5Ј-AAAACTGCAGTCAGTTGGTGGTATCGC GACTGTA-3Ј. For cloning of VHA-B1 and VHA-B2 ⌬140, the same forward primer was used; the sequence was 5Ј-CATGCCATGGAGAGAACCTATCCT GAAGAGATGAT-3Ј. pAS-SOS2, pAS-SOS1, and pAS-SOS2K40N were used as previously described (33) . Plasmid DNA of bait and prey constructs was cotransformed (2) into the Saccharomyces cerevisiae strain Y190. Yeast growth and the ␤-galactosidase assay were performed as previously described (16, 33) .
Proton transport assays. Transport assays were conducted using membranes isolated from suspension-cultured cells originated from wild-type, sos2-2, or sos3-1 calli. Calli were induced by transferring 2-week-old seedlings to plates containing callus initiation medium (4.3 g/liter MS salts, 30 g/liter sucrose, 1ϫ MS vitamins, 3 mg/liter 2,4-dichlorophenoxyacetic acid, 0.05 mg/liter kinetin, 1 g/liter casein hydrolysate, and 7 g/liter agar at pH 5.7). The plates were then placed in the dark and subcultured onto new medium every 2 weeks. After three to five passages, friable callus formed and was transferred from plates to liquid culture (4.3 g/liter MS salts, 30 g/liter sucrose, 1ϫ MS vitamins, 3 mg/liter 2,4-dichlorophenoxyacetic acid, 0.05 mg/liter kinetin, and 1 g/liter casein hydrolysate at pH 5.0). Cells were cultured in the dark at 24°C with shaking at 130 rpm and were subcultured every 5 to 7 days to generate sufficient suspension cells for the vesicle isolation and transport assays. Cells were harvested and used for membrane isolation at 7 days after subculturing.
Tonoplast vesicles were isolated using dextran gradients, and H ϩ transport assays were conducted as previously described (39, 40) . The proton transport activity of the tonoplast H ϩ -ATPase was measured as a decrease (quench) in the fluorescence of the pH-sensitive fluorescent probe quinacrine (39, 40) . For VATPase H ϩ transport activity, the assay medium (1 ml) contained 5 M quinacrine, 3 mM ATP, 100 mM 1,3-bis-Tris propane (BTP) chloride, 25 mM BTP-HEPES (pH 7.5), 250 mM mannitol, and 50 g tonoplast membrane protein.
Glutathione S-transferase-tagged recombinant, constitutively active T/DSOS2DF protein was expressed in Escherichia coli and purified as previously described (13, 39) . When used in transport assays, 0.2 g of T/DSOS2DF was incubated with membrane vesicles for 7 min at room temperature before pH gradient formation across the membrane (⌬pH) was initiated with the addition of MgSO 4 .
RESULTS

Analysis of TAP-tagged SOS2 identifies V-ATPase subunits as SOS2-interacting proteins.
To identify proteins interacting with the protein kinase SOS2, we used the TAP method (38, 47, 48, 50) . The coding sequence of SOS2 was fused to that of the C terminus of the TAP tag sequence in the binary plasmid pNTAPi (48) . This plasmid (encoding NTAP-SOS2) was used for transformation of sos2-2 mutant plants, and, among the different lines generated, a line that expressed TAP-tagged SOS2 and rescued the salt sensitivity phenotype of the sos2-2 mutant (Fig. 1A and B) was used for purification of SOS2-containing complexes.
TAP was performed essentially as described previously (48) FIG. 1. Expression of a functional TAP-tagged SOS2 complements the salt sensitivity of a sos2-2 mutant. (A) Western blot analysis with SOS2-specific antibody detected NTAP-SOS2 expressed in the sos2-2 mutant at the molecular mass expected for a fusion of the TAPi tag with SOS2 (molecular mass of SOS2 alone is 50.6 kDa). SOS2 was not detected in the wild type (WT) because of its relatively low level of expression compared to the expression of NTAP-SOS2 driven by the 35S promoter. (B) Complementation of the salt sensitivity phenotype of the sos2-2 mutant by NTAP-SOS2. Photographs were taken 10 days after the transfer of seedlings to control or salt-containing media.
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by on October 30, 2007 mcb.asm.org using 20-day-old NTAP-SOS2 (sos2-2) plants that had been exposed to 150 mM NaCl for 24 h. Salt-treated plants were used to maximize the chances of identifying interactions that are important in the function of SOS2 in salt stress tolerance. The proteins were then separated by SDS-PAGE, and the individual bands were isolated and digested in situ with trypsin for analysis using LC-MS/MS. Using this strategy, we identified several subunits constituting the peripheral stalk of the VATPase (Table 1) . We also confirmed the presence of both NTAP-SOS2 and VHA-B in the purified protein complexes by performing Western blot analysis (Fig. 2) . Salt treatment enhances interaction of SOS2 with V-ATPase peripheral subunits. After our initial identification of proteins from the V-ATPase peripheral domain as SOS2-interacting proteins, we performed additional experiments to determine whether the interaction is affected by salt stress and whether the interaction may be affected by altered abundance of either SOS2 or VHA-B in salt-stressed tissue. NTAP-SOS2 complexes were purified in parallel from untreated plants and from plants exposed to salt stress (150 mM NaCl) for 24 h. To estimate the relative levels of various proteins in the purified complexes from control versus salt-stressed plants, the arbitrary total ion current counts of all the peptides representing the SOS2-interacting proteins including VHA-B were summed and expressed relative to the trypsin enzyme used for peptide digestion (49) .
Extracts from control and salt-treated plants had similar total protein levels both before and after TAP (Fig. 3A and C) . Likewise, the amounts of NTAP-SOS2 recovered from the two samples were not significantly different in either the protein extract before purification (input) or after TAP (Fig. 3B) . This was expected since the expression of NTAP-SOS2 was driven by the constitutive 35S promoter. Western blot analysis also showed similar total amounts of VHA-B in the extracts from control and salt-treated plants before TAP (Fig. 3B) , indicating that the total protein abundance of VHA-B was not altered by the salt treatment imposed. However, LC-MS/MS analysis of the purified complexes showed that greater amounts of several V-ATPase peripheral subunits copurified with NTAP-SOS2 in samples from salt-treated plants than in control samples (Table 2 ). In particular, in the NTAP-SOS2 complexes purified from salt-stressed plants we observed a 4.1-fold increase in the relative amount of VHA-C, a 3.6-fold increase in VHA-A, and a 2.5-fold increase in VHA-B compared to the control. The consistently higher levels of several V-ATPase peripheral subunits associated with SOS2 in salt-stressed plants suggested that interaction of SOS2 with the V-ATPase complex is enhanced by salt stress.
Yeast two-hybrid analysis identifies VHA-B subunits as SOS2-interacting proteins. While successful in identifying a salt-inducible interaction between SOS2 and the V-ATPase complex as a whole, the TAP-tagging experiments could not establish which of the V-ATPase peripheral subunits interacted directly with SOS2 and which were simply copurified as part of the V-ATPase complex. Our previous yeast two-hybrid screen using SOS2 as the bait protein identified not only ABI2 (33) but also VHA-B and several other clones as putative interactors with SOS2 (data not shown). VHA-B, together with VHA-A, controls the binding of ATP, whose hydrolysis is then catalyzed by VHA-A alone while VHA-B, it has been suggested, has a role in regulating the activity of the V-ATPase complex (29, 44, 54) . To confirm the interaction between VHA-B proteins and SOS2, the entire open reading frames of VHA-B1 and VHA-B2 were fused with the GAL4 activation domain in the prey plasmid pACT2 and cotransformed with the bait plasmid pAS-SOS2, pAS-SOS2 K40N, or pAS-SOS1 (33) into the yeast strain Y190. SOS2 interacted with both of the VHA-B subunits, as indicated by the ␤-galactosidase activity produced when pAS-SOS2 or pAS-SOS2K40N was cotransformed with pACT-VHA-B1 or pACT-VHA-B2 ( Fig. 4A and B). The positive interaction observed using the catalytically inactive SOS2-K40N mutant, indicated that the interaction did not depend on SOS2 kinase activity (Fig. 4B) ; however, the interaction with SOS2-K40N did appear somewhat weaker than the interaction with wild-type SOS2. As expected, a SOS1 C-terminal fragment, used as negative control, showed no interaction with VHA-B1 or -B2 (SOS1 is a plasma membrane protein and so would not be expected to interact with the V-ATPase complex on the tonoplast).
We also investigated the interaction of SOS2 with VHA-B1 and -B2 constructs with the N-terminal 140 amino acids deleted. This was because previous yeast two-hybrid screening using SOS2 as the bait protein had identified VHA-B clones with this N-terminal portion deleted (data not shown). Also, the N-terminal 140 amino acids of the VHA-B subunits contain a domain called the ATP-synt_ab_N domain (amino acids 1 to 90) and part of the ATP binding domain (amino acids 90 to 380). The ATP-synt_ab_N domain forms a closed betabarrel with Greek-key topology. Although the Greek-key motifs do not have an assigned function, computational analysis suggests that they mediate protein-protein interactions (10) . Interestingly, SOS2 could still interact with VHA-B1 or -B2 ⌬140 constructs (Fig. 4) . These results indicate that the Nterminal 140 amino acids of VHA-B did not participate in SOS2 binding.
The V-ATPase-impaired det3-1 mutant is hypersensitive to salt stress. Although a number of studies report an increase in V-ATPase activity and/or amounts in response to salt stress, to our knowledge, the effect of reduced V-ATPase activity on salt tolerance has not been directly tested. To address the physiological importance of V-ATPase activity in salt tolerance, we tested the salt response of the det3 mutant. The det3 mutant was isolated by screening for mutants that had a light-grown phenotype, most notably a reduction in hypocotyl length, even when grown in the absence of light (5). The det3 mutant was subsequently shown to have a twofold reduction in levels of VHA-C and a conditional lack of V-ATPase peripheral sector assembly and V-ATPase activity, which were more pronounced in etiolated seedlings (51) .
det3 seedlings grown on control media and then transferred to salt-containing media exhibited a severe salt sensitivity phenotype ( Fig. 5A ; no sucrose or other sugars were added to the media in these experiments). Root elongation of the det3 mutant was inhibited by more than 40% on 50 mM NaCl, a concentration that caused no root growth inhibition in the wild type. On 100 mM NaCl, root elongation was almost completely inhibited and over the course of 7 days the det3 seedlings became completely bleached (Fig. 5A) . To determine whether this increased sensitivity was also true in dark-grown seedlings, where the reduction in V-ATPase activity should be the great- est, wild-type and det3 seedlings were sown directly on control or 100 mM NaCl media and kept either in darkness or standard growth conditions. In these experiments, 0.5% sucrose was added to all the treatments to support seedling growth in the dark. Dark-grown det3 seedlings on control media exhibited the characteristic reduction in hypocotyl length that was used to isolate the mutation (Fig. 5B) . det3 seedlings on 100 mM NaCl in the dark again had greatly reduced growth. Lightgrown det3 seedlings on sucrose-containing media were also more salt sensitive, although the addition of sucrose seemed to partially alleviate the salt sensitivity of the det3 mutant. Overall, the severe salt sensitivity of the det3 mutant is consistent with a key role of V-ATPase activity in salt tolerance.
H ؉ transport activity of the V-ATPase is reduced in the sos2-2 mutant but enhanced in the sos3-1 mutant compared to the wild type. The interaction of SOS2 with VHA-B1 and -B2 along with the salt sensitivity of the det3 mutant suggested that one mechanism by which SOS2 promotes salt tolerance may be by stimulation of V-ATPase activity. To test this possibility, we measured the H ϩ transport activity of vacuolar membrane vesicles purified from wild-type, sos2-2, and sos3-1 vesicles. In wild-type vesicles the H ϩ transport activity of the V-ATPase increased with increased ATP concentration (Fig. 6A) and kinetic analyses indicated a K m for ATP of 0.75 mM and V max of 220 units (Table 3 ). In contrast, the H ϩ transport activity of tonoplast vesicles isolated from sos2-2 cells was reduced significantly relative to that of the wild-type vesicles. At 3 mM ATP, sos2-2 mutant transport activity was reduced by 30.7% (Fig. 6A) and kinetic analysis showed a reduced V max and a higher K m for ATP ( Table 3 ). The results suggest that SOS2 is required for maximal activity of the V-ATPase.
In previous studies addition of mutant forms of SOS2 with constitutively active phosphorylation activity could directly stimulate ion transport activity of either plasma membrane Na ϩ transport mediated by SOS1 or tonoplast Na ϩ /H ϩ exchange mediated by NHX transporters (14, 39, 40) . Thus, we attempted a similar experiment by adding constitutively active SOS2 (T/DSOS2DF) which has a T168D mutation combined with deletion of the FISL domain (14) . Interestingly, we observed that T/DSOS2DF could not stimulate the V-ATPase activity of wild-type tonoplast vesicles ( Fig. 6B; Table 3 ), nor could it rescue the reduced V-ATPase activity of vesicles from sos2-2 cells ( Fig. 6C; Table 3 ) in the in vitro assay. Together, these V-ATPase assays indicated that SOS2 may be required for V-ATPase activation although SOS2 kinase activity itself cannot stimulate V-ATPase activity. It is possible that other factors not present in these in vitro assays, such as additional proteins, the FISL domain of SOS2, or posttranslational modification of SOS2, may be required to stimulate V-ATPase activity in vivo.
Another interesting result was that the V-ATPase activity of vesicles obtained from the sos3-1 mutant was significantly enhanced relative to that of the wild type (activity of sos3-1 vesicles was 77% higher than that of the wild type in the presence of 3 mM ATP; Fig. 6A and Table 3 ). While the exact mechanism behind this increased activity is not known, one possibility is that SOS3 competes with the V-ATPase for SOS2 binding, possibly through the FISL domain of SOS2. Fig. 6 were transformed using a Hanes-Woolf plot in order to determine kinetic parameters (x intercept ϭ K m ; K m /y intercept ϭ V max ). Units for V max are ⌬%F mg protein [ 
DISCUSSION
Previous studies in our laboratory have identified the components of the SOS pathway as key elements in coordinating salt stress responses, particularly ion transport on both the plasma membrane and tonoplast, and several ion transport processes known to be regulated by SOS2 are diagrammed in Fig. 7 . The SOS pathway, and SOS2 in particular, is also a point of cross talk between salt stress and other stress signals and stress responses (8, 35, 62) . We have continued to search for additional factors that interact with SOS2 using both yeast two-hybrid and proteomic approaches and here report identification of the V-ATPase as a target of SOS2 interaction and regulation. The importance of V-ATPase and its potential regulation by SOS2 in salt stress resistance at the cellular and physiological levels is indicated by both the severe salt sensitivity of the V-ATPase-deficient det3 mutant and direct observation of altered tonoplast H ϩ transport in the sos2-2 mutant. SOS2 interaction with and regulation of V-ATPase. NTAP-SOS2 purification identified five subunits (A, B1/2/3, C, E1, and G1) of the V-ATPase peripheral (cytoplasmic) sector as being components of a SOS2-containing protein complex. Of these subunits, VHA-A is responsible for the binding and hydrolysis of ATP, VHA-B is involved in noncatalytic ATP binding and, it has also been suggested, has a regulatory role, and VHA-C, VHA-E, and VHA-G are involved in the assembly and coupling of the peripheral and integral membrane sectors of the V-ATPase complex (29, 34, 44, 51, 54) .
Comparison of protein complexes isolated from unstressed and salt-stressed plants indicated that the association of the V-ATPase peripheral sector with SOS2 was enhanced by salt stress. At least in the case of VHA-B, this appeared to be caused not by an increased amount of SOS2 or VHA-B under salt stress but rather another mechanism that altered binding affinity or stability of the SOS2 interaction with the V-ATPase. This is consistent with other reports showing that the amount of V-ATPase does not change in short-term salt treatments (26, 28, 46) . While it is not known what modification could have altered the binding affinity of SOS2 for the V-ATPase complex, one possibility is posttranslational modification of SOS2 itself. The multiple bands of SOS2 from salt-stressed, but not control plants seen in Fig. 3D provide an indication of such posttranslational modifications and evidence of SOS2 autophosphorylation, and phosphorylation by other kinases has also been observed in our laboratory (16; H. Fujii and J.-K. Zhu, unpublished observations). This possibility is also consistent with our observation that it was not possible to activate tonoplast H ϩ transport activity in vitro by adding recombinant T/DSOS2DF alone, which presumably is not posttranslationally modified in the same manner as SOS2 from salt-stressed plants. Overall, the enhanced association of SOS2 with the V-ATPase complex in salt-stressed plants indicates that this interaction likely has a specific role in regulating V-ATPase activity under high salt conditions.
While the identification of multiple V-ATPase subunits in a complex with SOS2 and their increased abundance in the complex after salt stress confirm that an interaction did take place and was influenced by salt stress, it does not imply that SOS2 interacts directly with each of the identified subunits. Our yeast two-hybrid results revealed that SOS2 interacts directly with VHA-B proteins (Fig. 4) . VHA-B has been previously shown to interact with VHA-A, VHA-C, VHA-E, and possibly VHA-G (31, 54) . Therefore, it appears that the other VHA proteins copurify with NTAP-SOS2 because of their interaction with VHA-B. This provides an indication that SOS2 interacts with VHA-B proteins after their incorporation into a functional V-ATPase complex on the tonoplast rather than interacting with VHA-B alone in another cellular compartment, such as the recently reported interaction of VHA-B1 and hexokinase in the nucleus (9) . However, the possibility that SOS2 might also directly interact with other V-ATPase subunits cannot be ruled out.
The SOS2/VHA-B interaction, along with our direct observation of an increased K m for ATP and decreased V max of the V-ATPase in the absence of SOS2, raises the question of how SOS2 may affect V-ATPase activity. The most obvious possibility is through direct phosphorylation of VHA-B by SOS2. We investigated this by conducting in vitro phosphorylation FIG. 7 . Diagram of SOS2 regulation of ion transport. In response to salt stress, SOS2 is activated and is recruited to the plasma membrane by binding to SOS3. The activated SOS3-SOS2 regulatory complex activates the Na ϩ /H ϩ antiporter SOS1, which reduces Na ϩ concentration in the cytosol by extrusion to the apoplast. On the plasma membrane, the H ϩ gradient needed to drive Na ϩ extrusion is maintained by the plasma membrane H ϩ -ATPase (P-ATPase). SOS2 also activates tonoplast-located NHX antiporters to compartmentalize Na ϩ ions to the vacuole and the H ϩ /Ca 2ϩ transporter CAX1. SOS2 has been shown to regulate these tonoplast transporters independently of SOS3, perhaps by mechanisms other than phosphorylation of the target transporter. Instead, an SCaBP may be responsible for targeting SOS2 to the tonoplast. Posttranslational modification of SOS2 may also be important for these interactions. The H ϩ gradient needed to drive Na ϩ transport across the tonoplast is maintained by the tonoplast H ϩ -pyrophosphatase (not shown) and the V-ATPase. The data reported here indicate that SOS2 interacts with and regulates the VATPase and that V-ATPase activity is required for salt tolerance. The FISL domain of SOS2 is known to be required for SOS3 binding and could also have a role in the interaction of SOS2 with the V-ATPase either directly or through SCaBPs.
VOL. 27, 2007 INTERACTION OF SOS2 AND VACUOLAR ATPase 7787
by on October 30, 2007 mcb.asm.org assays using the T/DSOS2/308 constitutively active form of SOS2 (13, 14) with VHA-B1 or VHA-B2 as substrates. Our previous observations showed that T/DSOS2/308 has a high kinase activity (13, 14) ; however, we failed to detect any VHA-B phosphorylation despite repeated attempts carried out using conditions similar to those previously described for the in vitro phosphorylation of SOS1 (data not shown). This observation taken together with the observations that addition of T/DSOS2DF was not able to stimulate V-ATPase activity in vitro and that the catalytically inactive SOS2-K40N mutant was still capable of interaction with VHA-B1 and -B2 in the yeast two-hybrid system raises the possibility that SOS2 regulates the activity of the V-ATPase through a physical interaction that does not involve phosphorylation. Previous reports describing SOS2 interaction with and regulation of the tonoplast transporters CAX1 and NHX1 also showed SOS2 effects on transport activity (7, 40) . For CAX1, at least partial stimulation of transport activity could be achieved by SOS2-K40N (7). For NHX1, it was not possible to detect in vitro phosphorylation using the same types of active SOS2 that could stimulate transport activity (40) . Thus, as was the case in the V-ATPase experiments reported here, it was also not possible to associate stimulation of transport activity with SOS2 phosphorylation of CAX1 or NHX1. While this may indicate a phosphorylationindependent mechanism by which SOS2 can stimulate transport activity, it is also possible that conditions required for the phosphorylation of tonoplast-located transporters are different than those for SOS1 and thus could not be reproduced in our in vitro assays. SOS2 regulation of the V-ATPase might instead require the presence of the FISL domain which is deleted in both T/DSOS2DF and T/DSOS2/308. The FISL domain might be necessary for the binding of SOS2 to VHA-B, which by itself alters the transport activity of the V-ATPase complex, or the FISL domain might mediate binding of SOS2 prior to phosphorylation. A role for the FISL domain may also explain the higher V max of the V-ATPase in the absence of SOS3. SOS3 also binds to the FISL domain of SOS2 (13) , and the absence of SOS3 may result in more SOS2 being bound to the VATPase, thus stimulating H ϩ transport. The involvement of other proteins in this interaction should also be considered. SOS2 has previously been shown to interact with other members of the family of SOS3-like Ca 2ϩ binding proteins (SCaBP1, SCaBP3, SCaBP5, SCaBP6, and SCaBP8) (13, 41) , and it is possible that interaction with one of these SCaBPs, possibly through the FISL domain, could target SOS2 to the tonoplast for regulation of the V-ATPase (Fig. 7) .
Role of the V-ATPase and its interaction with SOS2 in salt tolerance. SOS2 not only enhances, together with SOS3, Na ϩ extrusion into the apoplast by regulation of the plasma membrane Na ϩ /H ϩ antiporter SOS1 but has also been shown to increase the activity of tonoplast Na ϩ /H ϩ antiporters (Fig. 7 ) to increase sodium transport into the vacuole in response to salt stress (39, 40, 42) . Both of these transport activities depend on the maintenance of H ϩ gradients across the membranes to provide the driving force for Na ϩ transport, and it is therefore necessary to increase the activities of the H ϩ -pumping transporters located on the plasma membrane (P type H ϩ ATPase) and on the tonoplast (V-ATPase or tonoplast H ϩ -pyrophosphatase) during salt stress. Indeed, it has been shown that the expression of genes encoding plasma membrane ATPases is upregulated during salt stress (32, 60) . In addition, it has been shown that transferred-DNA knockout mutants of AHA4, which encodes one isoform of the plasma membrane P-type H ϩ -ATPase, is more salt sensitive than the wild type (56) . A recent study has also used direct measurements of H ϩ fluxes in roots of the wild type and sos mutants to directly show that disruption of the SOS pathway causes altered H ϩ transport at the plasma membrane (52) .
On the tonoplast, the V-ATPase, together with the H ϩ -translocating pyrophosphatase, is the major enzyme responsible for maintaining a high concentration of H ϩ inside the vacuole relative to the cytoplasm. As described in the introduction, a number of studies have found increased expression or activity of the V-ATPase during salt stress; however, the significance of this up-regulation for salt tolerance has not been examined. The severe salt sensitivity we observed in the det3 mutant directly demonstrated the importance of the VATPase in plant salt tolerance at the physiological level. It also implies that, in terms of promoting salt tolerance, the loss of V-ATPase activity could not be compensated for by other activities, for example, the tonoplast H ϩ -pyrophosphatase. Thus, the interaction of SOS2 with the V-ATPase complex is consistent with the central role of SOS2 in regulating ion transport processes critical for salt tolerance and also with a previous report of the importance of tonoplast sodium transport mediated by NHX1 in salt tolerance (1) .
Despite the many indications of the importance of V-ATPase activity, the physiological factors and signaling mechanisms underlying its regulation are largely unknown. Our present results indicate that SOS2 functions in regulating the V-ATPase and coordinating its activity with those of other ion transporters regulated by the SOS pathway (Fig. 7) . There is also evidence that increased tonoplast H ϩ transport activity may be Ca 2ϩ dependent (17) . Another study has suggested that nitric oxide (NO) is involved in the induction of tonoplast H ϩ transport under salt stress (61) . This same study suggested that NO treatment could improve salt tolerance of maize plants. This result is interesting in the context of several recent results from our laboratory which suggest an interaction of the SOS pathway with reactive oxygen detoxification. This includes the interaction of SOS1 with RCD1 (21) as well as additional data from our study of SOS2-interacting proteins that indicate that SOS2 is also a point of interaction between salt and reactive oxygen signaling through its interaction with NDPK2 and catalases.
